Abstract -Human gait requires both haptic and visual feedback to generate and control rhythmic movements, and navigate environmental obstacles. Current lower extremity wearable exoskeletons that restore gait to individuals with paraplegia due to spinal cord injury rely completely on visual feedback to generate limited pre-programmed gait variations, and generally provide little control by the user over the gait cycle. As an alternative to this limitation, we propose user control of gait in real time using healthy upper extremities. This paper evaluates the feedback conditions required for the hands to generate complex rhythmic trajectories that resemble gait trajectories. This paper involved 18 subjects who performed a virtual locomotor task, where contralateral hand movements were mapped to control virtual feet in three feedback conditions: haptic only, visual only, and haptic and visual. The results indicate that haptic feedback in addition to visual feedback is required to produce rhythmic hand trajectories similar to gait trajectories.
I. INTRODUCTION
I NDIVIDUALS with paraplegia due to spinal cord injury (SCI) rely on wheelchairs for mobility due to their inability to walk. Current research tries to address ambulatory problems of individuals with paraplegia with wearable lower extremity exoskeletons that provide pre-programmed gait. Lower extremity exoskeletons are active electromechanical devices with links and joints corresponding to those of the user's legs, and works in tandem with the user [1] . Currently, there are four clinically available exoskeletons in the US: Ekso, ReWalk, REX and Indego [2] - [5] and a number of research exoskeletons world-wide [27] - [31] . Most have pre-programmed gait with the user being able to initiate movements, but not being able to control the amplitude or stride length of the foot movements, thus making it difficult to navigate obstacles and uneven terrain [6] - [10] . Riener [11] observed that "Rehabilitation devices work with patients in a 'master-slave' relationship thus forcing the patients to follow a predetermined motion without consideration for voluntary efforts". Also, the user relies on constant visual feedback to control the movement of the exoskeleton as most users with paraplegia lack sensory (force) feedback associated with the legs [2] - [5] . These limitations call for better control mechanisms for the user, where the user can not only initiate, but also control the foot movement in real time. Real time user control can be achieved by using signals from physical interaction by the user using other articulators. Karunakaran et al. [12] have translated trajectories produced by finger movements to represent foot trajectories, with an inverse kinematics algorithm that calculates the joint angles of the hip, knee and ankle to produce the desired movement of the foot in real time using the position of the fingers. This paper proposes using hand movements as surrogates to express neurally intended foot trajectories. This study addresses whether hand trajectories can produce trajectories similar to that of feet, and examines the sensory feedback required to produce such a trajectory. The hand trajectories are converted to joint angles to produce the movement of the foot using inverse kinematics developed by Karunakaran et al. [12] . Locomotion involving rhythmic movements is thought to be maintained by central pattern generators (CPG) integral to central nervous system [13] , [14] . Though it has been shown that rhythmic movements are produced by CPGs in the spinal cord in studies involving deafferented nervous system, such movements are not identical to the patterns produced with an intact nervous system [15] . Pearson [16] suggests that afferent feedback plays a major role in rhythmic movement, and that sensory feedback provides information to ensure that the motor output is appropriate for the biomechanical state of the moving body part in terms of position, direction of movement, and force. They also state that the sensory feedback facilitates the transition between the different phases of rhythmic movements, i.e. sensory feedback ensures that phases of the rhythmic movement are initiated only when an appropriate biomechanical state is achieved [16] . Hence, sensory feedback is essential to develop a control system for producing the appropriate gait kinematics.
Ivanenko et al. [17] evaluated the importance of ground contact forces in the kinematics of gait trajectory of subjects' feet as they walked with reduced body weight. This relationship between body weight, contact forces and trajectory bears importance to our work. Weight reduction was achieved by mechanical body weight support. It was observed that leg kinematics were dramatically affected when no forces were present (i.e. walking in the air) but were largely unchanged during partial body weight support. Results show that even though subjects were instructed to make walking movements, including mimicking ground contact patterns, the trajectories of the feet under the condition of complete body weight support (i.e. walking in the air) changed dramatically. The frequency of leg movements became quite variable compared to normal gait, indicating that ground force feedback influences the cyclic nature of gait. Furthermore, when walking with no ground force feedback, subjects converted their foot movements to a simpler cycling pattern. However, when body weight was not fully supported, the subjects' foot trajectories remained similar to biological gait. This implies that ground force feedback is vitally important for biological gait kinematics, but the amplitude of the force does not exert significant influence on the kinematics [17] .
Hence to effectively develop an interface to control exoskeleton walking by individuals who cannot sense the ground forces due to their disability, alternative haptic feedback or tactile cues of ground contact needs to be provided to the nervous system during each phase of gait to modify the central patterns and produce what is known to be biological gait. Ivanenko et al. [17] suggest that ground contact feedback could provide a preferred modulation of the cyclic central patterns or could signal a transition between distinct locomotor patterns of stance and swing. This strongly suggests that the gait pattern is not fully specified by higher cortical regions, but is modified by important sensory feedback. Similarly, Ankarali et al. [18] have shown that providing sensory feedback-like force impulse to the hand while performing rhythmic motor tasks, such as virtual paddle juggling, enhances performance by reducing variability in the rhythmic movement. Koritnik et al. [19] demonstrated that lower limb rehabilitation yielded better spatial and temporal adaptation in the haptic-only when compared to visualonly mode. Also, combined visual and haptic feedback improved the performance of lower extremity training more than visual-only or haptic-only modes [19] . In a recent study, Turchet et al. [20] showed that vibrotactile feedback (haptic feedback) provided to the foot increased the realism of walking when the subjects were asked to walk in a virtual environment. These studies further emphasize that haptic feedback plays a vital role in producing rhythmic movement. Rhythmic tasks like walking may rely on haptic feedback to transition from one state of movement (e.g. leg swing phase vs leg stance phase) to another. In our study, we explored the importance of providing ground force feedback to subjects' hands as they were employed to operate virtual feet in a graphically-rendered walking task that has the option of providing haptic sensations.
II. METHODOLOGY A. Experimental Setup
The experimental setup for the study included a virtual environment (VE) consisting of two feet with shoes on an infinite path, which was designed and rendered using the Simulink 3D toolbox in MATLAB. The VE provided the users with a 2½dimensional view with depth perception. Two Geometric Phantom Omni, 3-degree of freedom (DOF) haptic devices were used for rendering the haptics. Sensors of an Ascension Technologies electromagnetic position tracker, the Nest of Birds (NOB), were attached to the distal end of each Omni. The position of the NOB was mapped to virtual environment, thus movement of the hands moved the feet on the pathway in real time. The Phantom Omni was synchronized with the virtual environment to produce haptic feedback of magnitude 0.88N (maximum allowable force feedback of the omni) when the feet were in contact with the floor. Eighteen subjects consented to participate in the study approved by the Internal Review Board of NJIT. All subjects self-reported no disabling conditions, and had full function in upper and lower extremities and normal vision. Exclusion criteria included disability to upper or lower extremities or non-correctable visual impairment.
The study consisted of three experimental groups: visual only (VO), haptic only (HO) and haptic and visual (HV). Subjects were randomly assigned to these three groups of six individuals that were age and gender matched. All subjects were between the ages of 20 and 40. All subjects in each group participated in five sessions, where each session consisted of eleven trials of 60 seconds ambulation followed by 60s rest. These trials with rest durations minimized fatigue. Subjects were instructed to hold the Phantom Omni and perform walking like movements using their hands, and to walk the feet as far as possible during the trial duration. They were informed that ambulation (forward movement) was possible only when at least one shoe was in contact with the virtual pathway (stance) and the other shoe was in its swing phase. There was no movement when both shoes were above or below the virtual pathway, or if the stance shoe was below the pathway when the other shoe was in swing phase as shown in Fig1.1b. Stride length (horizontal distance), vertical height and speed of shoes were controlled by the user's hand movements. A black drape (not shown in Fig. 1 .II) prevented subjects from seeing their hands. Thus, feedback was limited to proprioceptive sensation from the arms and visual observation of the shoes on the moving walkway. The first trial was used to acquaint the subjects with the procedure where all three groups were provided with both visual and haptic feedback. This ensured all three groups trained for the task equally and performed the task with equal ability. In the following trials, the groups performed according to the protocol in their respective groups. Data analysis was performed only on trials two to eleven, with the practice trial omitted [32] .
1) Protocol for Visual-Only (VO) Group: Subjects provided with visual-only feedback saw the shoes on the infinite virtual pathway presented on the computer monitor. The visual feedback rendered was 2½D, hence provided the subjects with Fig. 1. I ) Control of shoes in the virtual environment: A) Phantom device with NOB sensor. B) Typical virtual gait cycle: the shoe rises as the hand is elevated and the shoe is returned to the ground as the NOB sensor reaches ground threshold. The shoe drops below the virtual pathway when the hand goes below the ground threshold, which is referred to as a fall through. C) VE shoes and virtual pathway: the pathway acts as an infinite treadmill to allow forward progress of the shoe, while remaining within the range of motion of the Phantom Omnis. As the shoes progressed forward, the walkway moved towards the subject. This virtual treadmill kept the shoes in approximately the same position with respect to the user. II) Experimental setup: D) VE monitor. E) NOB sensor. F) Phantom Omnis.
depth perception as shown in Fig1.Ic. Subjects were expected to control the movement of the shoes with visual feedback. Shoes were lost from view when the user's hands placed them below the walkway and they appeared to float above the walkway when placed too high. A visual cue of a red dot was provided to let the user know that both their feet were above the ground. The treadmill-like movement did not occur when the stance foot was incorrectly placed.
2) Protocol for the Haptic-Only (HO) Group: A constant haptic surface of 0.88N was rendered using Phantom Omni (haptic device) to generate boundaries that mimic a floor. The user grips the Phanthom omni to control the movement of the shoe. Hence the user feels the floor contact when the user makes contact with the boundary. Ivanenko et al showed the human ability to produce gait kinematics similar to normal human gait kinematics when provided with constant minimal haptic information. Following that study, our protocol with haptic feedback involved providing the subjects with constant minimal haptic information to try to elicit gait kinematics using hands. Applied vertical hand forces greater than .88N resulted in the shoe dropping below the virtual pathway (fall throughs), and halting the movement. A shoe was required to be on the floor to allow forward movement. Hence subjects received haptic feedback from the Phantoms about their success in providing an appropriate vertical hand force to make contact and prevent falling below the surface. This discouraged subjects from using excessive force while coming in contact with the floor. Cues regarding both shoes off the floor were not necessary as the subjects used haptics provided by the floor as cues to place at least one foot on the ground while walking. The monitor was turned off for haptic-only subjects to prevent them having visual feedback.
3) Protocol for Haptic & Visual (HV) Group: Subjects in this group experienced both visual and haptic feedback as described above.
B. Data Analysis
MATLAB was used to analyze the hand trajectory data from the NOB and to evaluate the performance of subjects.
1) Trajectory Analysis:
Horizontal and vertical trajectories were collected at 100 Hz and filtered at 25 Hz cut-off frequency using an effective 4 th order, zero-lag Butterworth low-pass filter. These filtered data were further analyzed to determine the horizontal synchrony.
The standard deviation between the inter-peak intervals for the horizontal trajectory of each hand was determined for each trial. The standard deviation was averaged for each session for all subjects. Lower standard deviation represents consistent step length between gait cycles in a trial. The Kruskal-Wallis non-parametric test and Mann-Whitney U test with Bonferroni correction for multiple comparisons were performed to determine the statistical difference between the groups.
2) Fall Throughs: The average number of fall throughs (subject misestimating the vertical location of the virtual walkway) per unit distance across subjects for each session in each group was computed. Fall throughs was used as a measure to detect the vertical accuracy in placement of the foot on the virtual ground. Kruskal-Wallis non-parametric test and MannWhitney U test with Bonferroni correction was performed to determine the statistical difference between the groups for both hands. Friedman's Test was used to evaluate the performance differences between sessions in each group.
A repeated measure of one way Analysis of Variance (ANOVA) was used to evaluate performance differences between trials in each group.
3) Distance Travelled: Average distance travelled was computed for each hand and the performance of each group was assessed. Distance travelled was used as a measure of speed. Larger the distance travelled in a trial greater the speed of the travel. One way ANOVA and Tukey's post hoc test were performed to determine the statistical difference between the groups.
A repeated measure ANOVA was used to evaluate performance differences between sessions and between trials in each group. The Pearson's r correlation between the distance travelled by the right and left hand by each subject was determined for each session. Higher correlation signifies more inter limb synchrony between the hands. 4) Duty Cycle: The average relative percentage of stance and swing phase for each session was calculated for all three groups for all sessions using the formula below:
Duty cycle = Stance Phase + Swing Phase Stance Phase% = 100 * (Stance phase/ Duty Cycle) Swing Phase% = 100 * (Swing phase/ Duty Cycle) ANOVA was used to determine the statistical difference in the duty cycle between each group. Independent sample t-test with Bonferroni correction was used to determine the significance between groups. Table 1 shows the mean and SEM of the deviation in the horizontal trajectory between the gait cycles produced by each hand. Significant difference was observed between all three groups, with the HV group doing better than the HO (p<.01) and VO (p<.01) groups, and HO group doing better than VO group (p<.01). Thus groups with haptic feedback showed lower variability in their horizontal trajectories between gait cycles, implying that the length of the step is consistent between gait cycles when haptics are provided. Fig. 4 shows average fall throughs for each session for all five sessions. Significant group differences (p<.05) were observed between the HO and VO group, between the HV and HO group and between the HV and VO groups for both hands. No significant difference was observed between sessions in all three groups. No significant differences were observed between trials in each session for all three groups except for session 4 in the left hand for the VO group and session 4 in the right hand for the HO group. Fig. 6 shows the average distance travelled by each group for each session. Significant difference was observed between the HV and VO groups (p<.05), and between the HO and VO groups (p<.05) for both hands. No significant difference was observed between the HV and HO groups for both hands. Significant difference was observed among sessions for HV group, but no significant difference was observed among sessions for VO and HO groups. Further, no significant differences were observed among trials within sessions for all three groups. Table 2 shows the Pearson's r correlation between the distance travelled by the right and left hand for each session. HV group showed higher correlation than the HO and VO groups, and HO group showed higher correlation than VO in sessions 2 through 5. Higher correlation indicates inter limb synchrony between the two hands was more for the HV and HO group than for the VO group. Table 3 shows the mean duty cycle of all groups. Average duty cycle demonstrated by the HV group by both feet were calculated to have 67% stance and 33% swing while the HO group demonstrated an average duty cycle of 70% and 30%, while VO group demonstrated an average duty cycle of 74% and 26%. Significant difference (p<.05) was observed between all three groups.
III. RESULTS A. Horizontal and Vertical Trajectory

B. Fall Throughs
C. Distance Travelled by Foot
D. Duty Cycle
IV. DISCUSSION
Our results show that the HV feedback groups achieved better horizontal synchrony as demonstrated by gait cycle (Fig. 2, 3 , Table 1 ), fall Throughs (as measure of vertical accuracy in placement of the foot on the virtual ground, Fig. 4 ) and inter limb synchrony between the legs ( Table 2 ). The groups with haptic feedback travelled greater distance per cycle (as measure of speed, Fig. 6 ), with the haptic group performing better than the haptic and visual feedback group. Fig. 4 shows the average fall throughs per unit distance. The HV feedback group had fewer fall throughs per unit distance, followed by HO feedback group, followed by VO feedback implying haptic feedback is important in spatial awareness during ambulation. In session 4, subject 4 in the visualonly group displayed fewer fall throughs per unit distance compared to all other visual-only subjects. This reduced the mean as observed in Fig. 4 . The fall throughs per unit distance within session and within trial analysis showed no significant change implying that there is no significant learning occurring after successive trials or sessions. In fact, the curve of fall throughs per unit distance is almost flat as can be observed in Fig. 5a and 5b for the VO group, indicating little learning. This suggests that even with extensive training, the VO feedback group will continue to lag behind other two groups in their performance.
Distance travelled per gait cycle by the HO and HV feedback groups was significantly more consistent and ambulation-like than VO group (Fig. 6 ). This implies that 2½D VO feedback does not play a significant role in horizontal movement in the virtual environment. Also, the distance travelled by the VO group using left and right hand was different as can be observed from the correlation values between the left and right leg. We believe it is because the VO group were not able to identify the ground and were unaware that they were taking shorter steps with one leg and longer steps with the other. Thus, VO lacked inter-limb synchrony as compared to HO and HV. Variability in symmetry between the time and amplitude between the limbs are predictors of instability [25] . The distance travelled within session and within trial analysis showed no significant change for VO groups implying that there is no significant learning occurring after successive trials or sessions (Fig.7a & 7b) . This suggests that even with extensive training, the VO feedback group will continue to lag behind other two groups in their performance.
The HO group performed better over successive sessions with respect to distance travelled but they made the same number of errors per unit distance implying gain in task confidence to walk faster without improvement in accuracy. It is therefore seen that there is learning, not with regard to fall throughs, but with regard to improving the distance travelled or speed. Though there was no statistically significant learning observed for group with HO feedback, the learning plateaued at session 3 ( Fig. 4a & 4b) . It was also observed that learning was better for the HV feedback group than HO group between trials in the initial sessions (session 1 & 2) but there was no learning observed between trials in latter sessions (Fig. 4a & 4b) . However, the distance travelled, though not statistically significant, is less in the HV group compared to the HO group in almost every trial and session. This trend may occur because the visual feedback when added to haptic feedback reduces errors at the expense of speed. The users with HV group were able to accurately estimate the ground contact force required when in contact with floor to avoid fall throughs as compared to HO group. Studies by Woodworth et al. have shown that visual feedback reduced the error in movement [23] . Levy-Tzedek et al. [24] have shown that subjects performed larger and faster movements when not provided with visual feedback as compared to when provided with visual feedback during rhythmic forearm movements. This observation is in accordance with the results shown in our study where subjects performed faster movement when provided with only haptic feedback and were able to maintain the frequency of the movement but produced were less accurate in their movement.
Normal gait cycle is divided into two phases -swing and stance. Fig. 2 shows that when one hand is in stance the other is in swing phase, as observed during human gait. A typical gait stance phase represents 60% of the cycle and swing phase 40% of the cycle [21] , [22] . Our analysis of hand trajectories showed HO group performed better than the VO group but HV group alone fared better than these two groups and also compared well with the natural gait duty cycle.
Our results also suggest that hand movements, when provided with real-time ground contact information share considerable similarity with foot movements of natural human gait as shown in Fig. 3a & b . These findings are very consistent with those of Ivanenko et al. [17] in which ground forces applied to the feet result in relatively consistent kinematic trajectories when body weight support is varied from 0% to nearly 100%. Our VO data, which have no ground force feedback correspond to the Ivenenko et al 100% body weight support data which also had no ground contact forces. In both cases, the movements of the feet (i.e. walking in air) take on a dramatically different kinematic appearance (cycling) as seen in Fig. 3c. In Fig. 2 , we see that our study supports this finding. In panels 2a & 2d, and panels 2b & 2e the timing and the vertical and horizontal excursions of the hands shows very little variability over multiple simulated steps when haptic feedback is provided, compared with panels 2c and 2f in which the timing and vertical and horizontal excursions are much more varied in the absence of haptic information (analogous to walking in the air). A striking example is the comparison between panels a, b with c of Fig 3, where with haptic feedback there are clearly observed flat portions of the vertical trajectory that correspond to the placement of the hand during ground contact (at the simulated floor height) during stance, while panel c, without force feedback shows no such flat stance.
While Ivanenko et al. found significant kinetic changes resulting from the varying magnitude of ground force reactions, this is of less importance to our eventual work. We propose employing hand trajectories only to define the kinematics and not the kinetics of the foot trajectory.
Ivanenko et al. [17] showed the importance of ground forces on the feet in modulating the trajectories of the distal portions of the legs. We have shown that the neural control of hand movements, used to define foot trajectories, requires equivalent force input. Even though human hand movements are not regularly used to control gait, our subjects who received HV and HO feedback, quickly adapted to the haptic feedback and produced adequate and reliable simulated gait with their hands. No significant learning period was necessary.
V. CONCLUSION
Haptic and visual feedbacks are both important for the human execution of a normal gait cycle. Visual feedback is required to navigate obstacles and reduce errors, but visual feedback alone cannot provide the rhythmicity required for the normal gait cycle even after extensive training. Haptic feedback is vital to maintain the rhythmicity of the gait pattern and to trigger changes in the foot trajectory.
This study confirms that haptic feedback to the hands is essential to allowing the hand trajectories to be surrogates for neural signals for gait that are prevented from reaching the legs due to spinal cord injury. Furthermore, the lack of extensive learning indicates that subjects are likely to adapt to using their hands to tele manipulate their legs. Our future study involves investigating the use of hand movements augmented with haptic feedback using a ½scale biped robot that will be controlled on a treadmill by bimanual walking-like movements.
